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The present study aims to pioneer a new cross-disciplinary research ﬁeld which we call ‘‘Ecological Geotechnics’’. Recent ﬁndings
about the salient geophysics involved in intertidal sediments made it possible to closely investigate the linkage between the waterfront
geoenvironment and the ecology of intertidal ﬂats. The results of a comprehensive set of ﬁeld observations, surveys and controlled
laboratory experiments demonstrated that the waterfront suction, which remained thus far unexplored in soil mechanics, and the
associated geoenvironments govern the performances of the basic living activities of various representative creatures involving crabs,
bivalves and birds. Furthermore, these results are discussed and substantiated in light of a successful habitat restoration project showing
that such waterfront geoenvironment plays a pivotal role in the habitat selection for the benthos diversity. Hence, the present ﬁndings
are expected to facilitate a new horizon for performance-based geoenvironmental assessments, design and management for the
conservation and restoration of habitats with rich natural ecosystems in intertidal zones.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Intertidal ﬂats are vital elements in the sustainability of
coastal environments since they foster rich natural ecosys-
tems. Previous research in the ﬁelds of ecology and water
science has been directed at understanding the diversity of
ecosystems, their water puriﬁcation functions and hydro-
dynamics above the sediments (e.g. Mann and Lazier, 2006;
Palmer and Filoso, 2009). However, geoenvironments as3 The Japanese Geotechnical Society. Production and hostin
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der responsibility of The Japanese Geotechnical Society.habitats and their linkage with biological activity remain
poorly understood, although their complete understanding
is crucial to the conservation and restoration of habitats.
Although a diversity of creatures live in intertidal sedi-
ments, the response of the macroinfauna to their abiotic
environment has been extensively investigated in relation to
the variations in their hydroenvironment associated with the
physical processes of ﬂuids above the sediments such as
tides, waves and currents (Beukema and Vlas, 1989;
McLachlan et al., 1993, 1995; Young et al., 1996; Dugan
et al., 2000; Norkko et al., 2001: Hunt, 2005). The sediment
types and sediment grain sizes as the material basis have
also been related to the macroinfaunal distributions (Thrush
et al., 1996; Botto and Iribarne, 2000; Compton et al.,
2009). However, because of the lack of general under-
standing of the physical processes involved in intertidalg by Elsevier B.V. All rights reserved.
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Fig. 1. Waterfront suction and related geoenvironments at the Banzu
intertidal ﬂat. Descriptions are added to ﬁgure 5 of Sassa and Watabe
(2007).
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their geoenvironment remained much less known than their
response to variations in their hydroenvironment with given
sediments.
Recently, we developed an integrated continuous obser-
vation system that enables close inspection of the geoenvir-
onmental dynamics that take place in the zones relevant to
benthos diversity and applied it to intertidal ﬂats (Sassa and
Watabe, 2006). Through the combined use of ﬁeld, experi-
mental and theoretical investigations, we have found that
the dynamics of suction associated with tide-induced
groundwater level ﬂuctuations play a substantial role in
controlling the geophysical environments of habitats (Sassa
and Watabe, 2007). The effects of the suction dynamics
have also been shown to play a crucial role in intertidal ﬂat
geomorphodynamics (Sassa and Watabe, 2009a), and in
forming the intertidal ﬂat stratigraphy of sandy, muddy,
and sand–mud layered sediments (Watabe and Sassa, 2008,
2012). Understanding such salient geophysics involved in
intertidal sediments has facilitated close investigation of
the linkage between the geophysical environment and the
ecology of intertidal ﬂats (Sassa and Watabe, 2008; Kuwae
et al., 2010; Sassa et al., 2011).
However, these previous research works were based on
the intertidal ﬂat geoenvironment at one or two ﬁeld sites,
and therefore no universal features have been obtained.
This may require extensive ﬁeld observations and surveys
to be performed in various intertidal ﬂats at different
depths and in different seasons. The link between the
geoenvironment and biological activity has also been
restricted to individual species, and thus no interspeciﬁc
comparison has been made on either qualitative or quan-
titative bases. Furthermore, there has been no conﬁrma-
tion or veriﬁcation of the role of the geoenvironment in the
intertidal ﬂat ecosystem as a whole.
The present study aims to resolve all of these important
questions by integrating and further developing our recent
research from a uniﬁed perspective of Ecological Geotech-
nics: a new cross-disciplinary research ﬁeld encompassing
geotechnics and ecology (Sassa and Watabe, 2009b). With
this in mind, we ﬁrst describe the importance of waterfront
suction and related geoenvironments in various intertidal
ﬂats. We then present and discuss the results of a range of
in situ observations and laboratory experiments to clarify
the role of such waterfront geoenvironmental conditions in
the basic living activities of three representative creatures of
intertidal ﬂats, namely, crabs, bivalves, and birds. These
results will then be discussed and substantiated in light of a
successful habitat restoration project.
2. Waterfront suction and related geoenvironments in
intertidal ﬂats
Suction in intertidal ﬂat soil is unique and different from
conventional suction as commonly dealt with in unsatu-
rated soil mechanics (Fredlund and Rahardjo, 1993). In
fact, waterfront suction develops and changes in essentiallysaturated states below the air-entry suction of the soil
(Sassa and Watabe, 2007).
For the purpose of clarity, we ﬁrst describe the results of
our recent ﬁeld observations and surveys performed at the
Banzu intertidal ﬂat located on the east coast of Tokyo
Bay, Japan. The cross-shore proﬁles of morphological heights,
groundwater level, suction, and vane shear strength during
spring low tides are shown in Fig. 1. Here, suction and shear
strengths were measured using a tensiometer and a compact
vane shear testing apparatus, respectively (Sassa and Watabe,
2007). The apparatus had two intersecting vane blades; the
dimensions of each blade were 20 mm in width, 40 mm in
height, and 0.8 mm in thickness. The soils were homogeneous
with D50ﬃ0.2 mm, but the geotechnical environments varied
signiﬁcantly in space. First, the morphological proﬁle gently
inclined downward and exhibited repeated bar–trough regions
on the offshore side. The bar–trough topography induced
signiﬁcant changes in the groundwater level, giving rise to the
variation of suction in the soil. This development of suction
was closely linked with the stiffness/softness variations as
represented by the vane shear strength. The results of in situ
soil sampling and physical soil tests (Table 1) further indicate
that the soils were denser at shallower depth, and bars with
Table 1
In situ void properties of the Banzu intertidal ﬂat soils.
Shore side Bar Trough
Soil void property A1 B1 C1 D1 E1
e 0.77 0.79 0.8 0.73 0.87
emax 1.05 1.04 1.14 1.03 1.07
emin 0.64 0.65 0.72 0.64 0.65
Dr 67.8 64.4 80.8 75.6 46.5
Soil void property A2 B2 C2 D2
e 0.85 1.05 0.93 0.74
emax 1.07 1.2 1.15 1.05
emin 0.66 0.76 0.71 0.65
Dr 52.4 35.7 50.4 77.3
The letters A to E correspond to the locations denoted in Fig. 1.
The sufﬁxes 1 and 2 denote the soil depths 0.2 m and 0.4 m
respectively.
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Fig. 2. Measured relationships between suction s at the level of soil
surface and vane shear strengths (VSS) at two different soil depths:
(a) 0ZzZ0.04 m in the Banzu, Nojima and Naha intertidal ﬂats
(VSS¼1.999sþ0.944, R2¼0.910, po0.0001) and (b) 0ZzZ0.01 m in
the Nojima, Shirakawa and Naha intertidal ﬂats (VSS¼0.985sþ0.177,
R2¼0.925, po0.0001). The data of the Nojima and Shirakawa intertidal
ﬂats shown in (b) are compared with those of the essentially saturated
regions of sandy beaches in ﬁgure 3(a) of Sassa et al. (2011).
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These in situ void state structures can be consistently explained
as a consequence of the suction dynamics-induced cyclic
elastoplastic contraction in the repeatedly exposed yet satu-
rated soil (Sassa and Watabe, 2007; Watabe and Sassa, 2008,
2012).
These effects of the suction dynamics that represent
suction development, suction dynamics-induced soil com-
paction and the associated distinct variations in the shear
strength are universal at various intertidal ﬂats, as typiﬁed
in Fig. 2. Here, we present the measured relationships
between suction s at the level of soil surface and vane shear
strengths at two different soil depths, 0ZzZ0.04 m and
0ZzZ0.01 m at the Banzu, Nojima, Shirakawa and
Naha intertidal ﬂats. The measurements of shear strengths
at the two different soil depths stem from the need to cope
with the observed higher sensitivity of the bivalve
responses than the crab responses to varying geoenviron-
mental conditions, as described later in this paper. The
periods of the observations were such that June 2005 at the
Banzu intertidal ﬂat, March 2009 and September 2010 at
the Nojima intertidal ﬂat, September 2009 at the Shira-
kawa intertidal ﬂat, and June and December 2009 at the
Naha intertidal ﬂat.
Among the diversity of macro-benthos that live in these
intertidal ﬂats, we can ﬁnd an abundance of crabs
(Scopimera globosa, Helice tridens, Macrophthalmus dilatata),
bivalves (Ruditapes philippinarum (Japanese littleneck),
Meretrix lusoria (Common orient clam), Solen strictus (Jack-
knife clam)), ghost shrimps (Nihonotrypaea japonica) and
mud shrimps (Upogebia major) there. The intertidal ﬂat
soils at the four sites were essentially composed of ﬁne-
grained sands with median grain diameters in the following
ranges: D50¼0.17–0.23 mm at the Banzu intertidal ﬂat,
0.16–0.21 mm at the Nojima intertidal ﬂat, 0.14–0.27 mm
at the Shirakawa intertidal ﬂat and 0.2–0.25 mm at the Naha
intertidal ﬂat. The silt and clay contents varied signiﬁcantly:
0.1 to 8% at the Banzu intertidal ﬂat, 0.1 to 6.3% at theNojima intertidal ﬂat, 0.5 to 26% at the Shirakawa intertidal
ﬂat and 0.04 to 1% at the Naha intertidal ﬂat. The Naha
intertidal ﬂat also involved other regions of coral gravels
which are beyond the scope of this study.
In Fig. 2, the vane shear strengths (VSS) had strong
correlations with suctions s at all four intertidal ﬂats
(r240.9, po0.0001). For instance, at the Banzu intertidal
ﬂat, the vane shear strengths increased by seven-fold
magnitudes due to suction, as shown in Fig. 2(a). This
suction effect becomes more pronounced at shallower soil
depth. Indeed, at the Nojima intertidal ﬂat in Fig. 2(b), the
vane shear strength was only 0.05 kPa at negative suctions
s o1 kPa; however, it reached as high as 2.2 kPa at a
suction of 2.2 kPa. This corresponds to a 44-fold increase
in shear strength. The other two sites exhibited similar
variations, showing a 20- to 50-fold increases in shear
strength due to suction. Notably, all of the measured data
fell on a unique relationship for each soil depth: VSS¼
1.999sþ0.944 at 0ZzZ0.04 m (r2¼0.910, po0.0001)
S. Sassa et al. / Soils and Foundations 53 (2013) 246–258 249and VSS¼0.985sþ0.177 at 0ZzZ0.01 m (r2¼0.925,
po0.0001). Since the suction development of magnitude
less than 3 kPa was lower than the air-entry suctions for
the ﬁne-grained soils (Sassa and Watabe, 2007), the above-
described marked variations in the shear strengths
occurred in essentially saturated states of the intertidal
ﬂats. In this respect, it is noteworthy that such distinct
variations of the shear strengths due to suction also hold
true in the essentially saturated regions of sandy beaches,
as described in Sassa et al. (2011).
The diverse roles of such waterfront suction and the
associated geotechnical environmental conditions in the
activities of crabs, bivalves, and birds as well as in
biodiversity are described below.
3. Role of geoenvironmental conditions in burrowing
activity of crabs
Let us ﬁrst present the results of our ﬁeld observations
concerning the linkage between suction, groundwater level
and burrowing activity of crabs, that were performed at
the Banzu intertidal ﬂat, as shown in Fig. 3. Here, we
targeted the representative crabs in intertidal sandy ﬂats,
namely, sand-bubbler crabs, S. globosa. In order to look at
the onset and progress of the burrowing activity, we
counted the number of groups of sand balls over time
that individual crabs brought to the soil surface, thereby
constructing their burrows in the soil. The results indicate
that the burrowing activities were closely associated with
the variation of suction in the soil. In particular, the onset
of the burrowing activities coincided with the onset of
suction development in the soil. This strongly suggests that
the crab took advantage of the effective cohesion produced
by the presence of suction, which enabled burrowing
activity in the sandy soil that previously had no inherent
cohesion. Indeed, the observed total collapse of the sand
balls (see Fig. 3) on the soil surface upon submergence
indicates that the sandy soil cannot support itself in the
absence of suction.
In essence, the results of the ﬁeld observations described
above demonstrated that the initial development of suction
was the trigger responsible for the onset of burrowing
activity. In addition, there was a close link between the
progress of the burrowing activity and the state of the
suction in the soil.
On the basis of the ﬁeld results described above, we
performed sets of controlled laboratory experiments, ﬁrst
to simulate the geoenvironmental characteristics of the
intertidal ﬂat soils, and second to closely look at the
response of benthos to it. For both experiments, an acrylic
cylindrical chamber with an internal diameter of 0.2 m and
a depth of 0.35 m set in a larger water tank was used. The
height of the chamber was increased if necessary by adding
another bottom-less chamber above it. In each experiment,
we formed a soil deposit in the chamber with a prescribed
packing state by using the soils taken from the Banzu
intertidal ﬂat. The relative densities of the soils varied suchthat Dr¼35.6%, 39.3%, 63.7%, 83.2%, and 99.7%, with
reference to the ﬁeld results shown in Table 1. Note here
that after each soil deposit was formed, the ground water
level was drawn down to z¼0.3 m below the soil surface.
This caused some degree of the soil densiﬁcation. The
above-mentioned Dr—values correspond to those realized
at this stage. The suction s at the level of soil surface was
varied from s¼0.5 to 3 kPa by changing the water level
above and groundwater level in the soil deposits formed.
The suctions as well as the vane shear strengths were
measured with the same apparatuses as those used in
the ﬁeld.
3.1. Interrelationships between suction, voids, and shear
strength of intertidal flat soils
It was important to check the quality of the soil deposits
formed. This was carried out by comparing the magnitude
of suction developed versus the groundwater level. The
results showed that there was a linear relationship between
the suction and the groundwater level, in accordance with
the ﬁeld results as presented in Figs. 1 and 3.
The measured interrelationships between suction, voids,
and vane shear strength (VSS) are shown in Fig. 4. It is
clear that the vane shear strength increased markedly with
increasing suction and with increasing soil relative density.
By contrast, when suction was absent (negative suction),
the vane shear strength depended only on the soil relative
density. In essence, there exists a relationship: VSS¼VSS
(s, Dr).
It is instructive here to note that in the ﬁeld, the soil
relative density, Dr, changes markedly depending on the
severity of the dynamics of suction, s, thereby giving rise to
the observed strong correlations between the vane shear
strengths and suctions at various intertidal ﬂats as
described above.
3.2. Burrowing responses of crabs to varying
geoenvironmental conditions
The crabs S. globosa taken from the Banzu intertidal ﬂat
were used in the burrowing experiments. The water
environment was kept constant, with air and water
temperatures at 25 1C and 21–23 1C, respectively, and
water/pore water salinity at 2.7%. Then, we prescribed a
range of geotechnical environmental conditions on the
basis of the above interrelationships and observed the
progress of the burrowing activities through the transpar-
ent side wall of the chamber for a period of six hours for
each crab by using ten individual crabs with representative
carapace widths of 10 mm in each case, in a total of
35 cases.
The experimental results are shown in Fig. 5. Here, the
data represent the mean values7SE (standard error) of the
ﬁnal depths of the burrow developed versus suction for the
two different relative densities Dr¼62–66% and Dr¼80–
84%, that were observed in each case. The results indicate
Fig. 3. Results of the ﬁeld observations showing the linkage between suction in association with groundwater level and burrowing activity of sand
bubbler crab, Scopimera globosa. The photographs show the sand balls produced by the crabs after the start of exposure (left) and their total collapse at
the time of submergence due to the vanishment of suction (right).
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on the state of suction in association with the groundwater
level. Notably, under a given soil relative density, the
burrows started to develop once suction was present and
reached peak depths, but declined rapidly with an increase
in suction. This stemmed from the tradeoff relationship due
to the contrasting effects of suction. Namely, the effective
cohesion produced by the suction made burrowing physi-
cally possible, but the suction-induced enhanced shearstrength made the burrowing more difﬁcult, yielding an
optimum state OPA and a critical state CR for the burrow
development above the groundwater level. With increasing
soil relative density, the burrow depths became much
shallower. Interestingly, there were two optimum states
OPA and OPB for the burrow development, depending on
two distinctive regions of burrowing activity above and
below the groundwater level, as illustrated in Fig. 5. This
means that once the burrowing reaches the groundwater
S. Sassa et al. / Soils and Foundations 53 (2013) 246–258 251level, the crab shifted its burrowing mode to a closed cavity
containing entrapped air and the crab itself. Then, the crab
further descended by an amount that depended on the shear
strength in the absence of suction, namely, only on the soil
relative density, thereby giving rise to the optimum state
OPB below the groundwater level, as shown in Fig. 5.
Notably, all of the optimum and critical geotechnical
states for the burrow development occurred according to
the state-particular shear strengths as functions of both
suction and soil relative density in view of Figs. 4 and 5.
Namely, in Fig. 5, the critical state CR60 for Drﬃ60%
appeared at suction s equal to 2.1 kPa, and another critical
state CR80 for Drﬃ80% appeared at suction s equal to
1.2 kPa. These two different sets of suction s and relative
density Dr gave rise to the same vane shear strength VSS,
equal to 5.4 kPa, according to the function VSS¼VSS (s, Dr).
Similarly, the vane shear strengths VSS determining the two
different optimum states OPA and OPB were equal to 5 kPa
and 3 kPa, respectively, by comparing Figs. 4 and 5.Fig. 4. Suction s versus vane shear strength at 0ZzZ0.04 m for ﬁve
different relative densities of the Banzu tidal ﬂat soils (Sassa and Watabe,
2008). The symbols OPA, OPB and CR correspond to those shown in
Fig. 5. The dotted chain line represents the maximum measurable value of
the apparatus used.
Fig. 5. Results of the burrowing experiments of sand bubbler crab, Scopimera
related geotechnical environments. The symbols OPA and OPB denote the opti
the groundwater level (G.W.L.), respectively. The symbol CR denotes the critic
critical states for burrow developments are also depicted in Fig. 4.Overall, the above results demonstrate that the perfor-
mance of the burrowing activities of the crabs was in fact
governed by the suction, voids, and shear strength of the
intertidal ﬂat soils.
4. Role of geoenvironmental conditions in burrowing activity
of bivalves
In conjunction with the burrowing experiments described
above, we closely examined the response of the burrowing
activity of bivalves to a range of geotechnical environmental
conditions. Here, we used the juvenile to adult bivalves R.
philippinarum with L=5mm, 10 mm, 20 mm, 30 mm, and
50 mm that were taken from the Banzu, Nojima and
Furenko intertidal ﬂats. The bivalve R. philippinarum, the
Manila clam, inhabits intertidal sandy ﬂats and is commer-
cially important to the ﬁshery industry not only in Japan
(Yokoyama et al., 2005; Tamaki et al., 2008), but also in
other countries (Dang et al., 2010; Vincenzi et al., 2006). We
used four to eight individual R. philippinarum in each case in
a total of 48 cases and observed the burrowing responses of
these bivalves to the prescribed different states of the
geotechnical environmental conditions for a period of six
hours after the bivalve touched the soil surface with its foot
(Fig. 6a). This starting condition was essential in obtaining
consistent results, after the bivalves showed their ‘‘intention’’
to burrow in the soils. The observed typical characteristics of
the burrowing activities are illustrated in Fig. 6(b)–(d). One
can see in Fig. 6(b) that in the successful cases, the bivalve
inserted its foot and then burrowed essentially vertically
(y¼907101) and buried itself underneath the soil surface
(zn¼1). Here, the burrowing angle y denotes the angle at
the ﬁnal stage of burrowing. By contrast, Fig. 6(c) represents
the situation where the bivalve exhibited inclined
(0oyo801) and partial burrowing (1ozno0). Depend-
ing on the range of the geotechnical environmental condi-
tions, the bivalves exhibited inclined complete burrowingglobosa, showing the linkage between burrow development, suction and
mum geotechnical states for the development of burrows above and below
al geotechnical state for the development of burrows. These optimum and
Fig. 6. (a) Starting condition for each individual in the burrowing
experiments of the bivalves, Ruditapes philippinarum. (b) Observed typical
processes of complete vertical burrowing. (c) Deﬁnition of normalized
burrowing depth zn and burrowing angle y, showing the state of inclined
and partial burrowing. (d) Observed typical processes where burrowing was
impossible, showing bending of foot and rebounding from soil surface.
Fig. 7. Suction s versus vane shear strength at 0ZzZ0.01 m for three
different relative densities of the Nojima tidal ﬂat soils (Sassa et al., 2011).
Data represent mean values 7SE.
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situation where burrowing was physically impossible (zn¼0
and y¼0). Under such a situation, the bivalves often bent
their feet and rebounded from the soil surface.
In all experiments, the air temperature, the water
temperature, and the salinity of the water and pore water
were kept essentially constant at 20–21 1C, 19–20 1C, and
2.7%, respectively.
4.1. Surface shear strengths of intertidal flat soils
The soil deposits with three different states of packing at
Dr¼40%, 60%, and 80% were formed in an acrylic
cylindrical chamber with an internal diameter of 100 mm
and a depth of 100 mm set in a larger water tank, by using
the soils taken from the Nojima intertidal ﬂat. Suctions s at
the level of the soil surface were varied according to the
same procedures described in the former section. We used
the ﬁeld apparatus as well as the laboratory high-
resolution vane shear system (Sassa and Watabe, 2009b;
Sassa et al., 2011), in order to measure the surface shear
strengths of the soil deposits formed. Fig. 7 shows that
both measurements were precisely performed, as indicatedby the small error bars. The surface shear strengths
increased with increasing suction s and soil relative density
Dr, and depended only on soil relative density Dr under
negative suctions (submerged condition). These measured
characteristics are the same as those presented in Fig. 4,
except for that the ranges of suctions s¼0.2 to 0.3 kPa
were substantially lower than s¼0.5 to 3 kPa shown in
Fig. 4, which reﬂected the observed acute sensitivities of the
bivalve responses as described below.
4.2. Burrowing responses of bivalves to varying
geoenvironmental conditions
The results of the burrowing experiments of R. philippi-
narum with a representative shell length L¼20 mm are
shown in Fig. 8. Here, n denotes the number of the
individuals used for this particular growth stage. It is seen
that the burrowing performance of the bivalves depended
strongly on the geotechnical environmental conditions.
Indeed, both of the normalized burrowing depths and
burrowing angles decreased markedly with increasing
suctions and relative densities of the intertidal ﬂat soils.
Also, one can see that the bivalves could not complete the
burrowing even under submerged states (negative suctions)
with a higher relative density, Dr¼80%, of the soil.
The above results can be integrated in light of the vane
shear strength, which depends both on suction and relative
density, as shown in Fig. 9. Here, we present the observed
responses of the juvenile to adult R. philippinarum with all
growth stages. In Fig. 9(a), all of the juvenile bivalves
(L¼5 mm) completed vertical burrowing with y¼901 and
9zn9¼1, at a low shear strength of 0.07 kPa. However, with
increasing shear strength, the bivalves started to shift their
burrowing modes, showing inclined complete burrowing,
and then inclined partial burrowing. Indeed, the burrowing
angle y and the normalized burrowing depth 9zn9 decreased
signiﬁcantly with increasing shear strength. At this stage,
Fig. 8. Results of the burrowing experiments of Ruditapes philippinarum
with L¼20 mm. Data represent mean values 7SE.
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Eventually, when the shear strength reached a certain
value of 0.18 kPa, all of the juvenile bivalves reached the
non-burrowing state with y¼0 and 9zn9¼0.
The above results indicate that the burrowing mode shift
occurred in a certain range of the vane shear strength. This
means that there exist two burrowing criteria below or
above which the bivalves accomplished vertical burrowing
or failed to burrow, respectively. Such burrowing criteria
and burrowing mode shift can also be conﬁrmed from the
observed bivalve responses at different stages of growth
(Fig. 9(b)–(e)).
The observed continuous decrease in the burrowing
angle and depth with increasing shear strength indicates
that the bivalves consistently shifted their burrowing
modes in order to compensate for an excessive burrowing
energy above their capacity, since the inclined insertion
with decreasing angle and depth requires less energy under
given shear strength of the soil (Lambe and Whitman,
1979).
A notable difference in the observed bivalve responses
with different growth stages was that both the burrowing
depth 9zn9 and burrowing angle y were different depending
on the shell length L. In fact, the adult bivalves (L¼30 mm
and 50 mm) did not exhibit the vertical burrowing regime
even under the lowest shear strength of 0.07 kPa corre-
sponding to loosely packed submerged soils with Dr¼40%(Fig. 7). This indicates decreasing burrowing capability
toward adult stages with increasing shell lengths.
Overall, the above results clearly indicate that the
performance of the burrowing activities of the bivalves
depended strongly on the surface shear strengths as
functions of suctions and relative densities of the intertidal
ﬂat soils.
5. Role of geoenvironmental conditions in foraging
activity of birds
Birds constitute an important element of coastal ecosys-
tems and biodiversity (Piatt et al., 2007). Indeed, shore-
birds which migrate and stop at intertidal ﬂats for foraging
and rest act as top predators of the diverse benthos as
preys. Here, we show that the varying geoenvironmental
conditions are closely linked with the foraging activity of
shorebirds. We targeted the typical shorebirds, Dunlin,
Calidris alpine, as commonly seen in intertidal ﬂats and
beaches, throughout the world.
The ﬁeld observations were performed during spring
tidal emersion periods at the Banzu intertidal ﬂat. The
foraging action of Dunlin was quantiﬁed using a video
image system and a digital camcorder with a telephoto
zoom lens or a mono-focal telephoto lens (Kuwae et al.,
2010). We replayed and analyzed the recorded video
images using slow-motion and stop-motion replay modes,
making it possible to analyze the rapid feeding actions of
Dunlin, which are usually completed within 0.2 s.
We classiﬁed the foraging actions of Dunlin as ‘‘peck-
ing’’ (a single touch of the bill tip to the soil surface) or
‘‘probing’’ (a single insertion of the bill tip into the soil and
retraction, or rapid multiple movements with the bill tip
below the soil surface), as shown in Fig. 10. It may be
important here to note that probing typically achieves
more successful intake rates and energetically and nutri-
tionally richer food sources than pecking (Kuwae et al.,
2010).
The foraging activities were continuously tracked for
each individual for 1.5 min long in a total of 168 indivi-
duals during the course of the seven hours observations.
We then compared the observed performance of the
foraging activities with the varying geoenvironmental
conditions, namely, the dynamics of suction that was
measured at the same site during identical tides: new-
moon spring tides.
The results are shown in Fig. 10. It is seen that the
foraging activities were closely associated with the varia-
tion of suction in the soil. Namely, the proportion of
probing to total foraging actions decreased markedly with
increasing suction after emersion. In fact, the proportion
of probing declined to as low as 20%, when suction
developed to 0.7 kPa at the level of the soil surface.
This magnitude of suction development brought about the
three-fold increase of the shear strength in the soil depth
equivalent with the bill length, i.e. 40 mm, and more than
ten-fold increase in the soil surface layer, in view of Fig. 2.
Fig. 9. Results of the burrowing experiments of Ruditapes philippinarum, showing the burrowing criteria and burrowing mode adjustment for the ﬁve
different stages of growth: (a) L¼5 mm, (b) L¼11 mm, (c) L¼20 mm, (d) L¼30 mm, and (e) L¼50 mm. The data adapted from Sassa et al.
(2011) represent mean values 7SE.
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Fig. 10. Results of the ﬁeld observations showing the linkage between the
variation of suction and foraging activity of shorebird, Calidris alpine.
Fig. 11. A typical scene of people gathering the shellﬁsh Ruditapes
philippinarum at the Nojima intertidal ﬂat. The ﬂat has repeated bar/
trough regions where the bars are exposed and the troughs are submerged
during low tide. The shellﬁsh gathering took place at the vicinity of the
water’s edge.
S. Sassa et al. / Soils and Foundations 53 (2013) 246–258 255This indicates that the birds shifted their foraging modes to
pecking in response to the increasing shear strengths due to
suction, which exerted constrains or limits for probing, thus
giving rise to the suitable and critical conditions for the
foraging activities of Dunlin.
Overall, the above results demonstrate that the perfor-
mance of the foraging activities of the shorebirds was
closely linked with the waterfront suction and associated
shear strengths of the intertidal ﬂat soils.
6. Discussion: a successful habitat restoration project
The above-described results indicate that for a given
species of creatures, there exist suitable geoenvironmental
conditions favorable to their basic living activities. Indeed,
the waterfront suction and the associated geotechnical
environments have been shown to be responsible for the
manifestations of the suitable and critical conditions for
the burrowing activities of crabs and bivalves and the
foraging activities of birds. Their implications for the species
survival, distributions and biodiversity are discussed below.
Burrows need to be sufﬁciently deep in order to fulﬁll
their functions (Warner, 1977). If the burrows are limited
to the level of the uppermost sediment, say zZ50 mm,
the crabs would be readily exposed to risks such as surface
transport, predators, and the direct rays of the sun. In fact,
summer temperatures in such shallow depths may exceed
the upper lethal limits for crabs (Eshky et al., 1995). The
critical geotechnical state (CR) could generate such fatal
situations, or the crabs would simply not select the soils in
that state. By contrast, the optimum geotechnical states
(OP) can facilitate the development of burrows. Such well-
developed burrows are particularly important for some
female crabs in their breeding cycle (Christy, 1987).
Similarly, under conditions where burrowing fails to
take place, the bivalves become exposed at the soil surface.
Hence, they can be easily transported away offshore or
onshore by waves and currents (Ratcliffe et al., 1981) and
are exposed to fatal risks from predators (Tallqvist, 2001)
and also from direct sunlight (Johnson, 1965), all of which
reduce their chances of survival.In view of their distributions, the present results demon-
strate that the presence of suction is an essential threshold
condition for a burrow to be formed. Since whether or not
suction may develop strongly depends on the local topogra-
phical features, the distributions of suction should be closely
linked with the distributions of S. globosa, which shows
particular preference in space (Wada, 2000). For the bivalves
with speciﬁc siphon lengths, vertical burrowing, which has a
deeper center of gravity than any inclined or partial burrow-
ing, can assure the stability of bivalves in soils, thus
minimizing the fatal risks stated above. Such suitable condi-
tions represented looser states of submerged soils with
Dro40% for the adult R. philippinarum. This accounts for
their popular concentrated distributions at the water’s edge
(see Fig. 11) or the lower intertidal zone (Tamaki et al.,
2008), where the soils remain loose since suction does not
develop during the course of the tides. Such waterfront
geoenvironment was also particularly favorable for the
foraging activity of shorebirds, Calidris alpine.
Notably, the present study demonstrated that the sui-
table and critical geoenvironmental conditions varied
markedly among species and according to their stage of
growth. This contributes to the patterns of zonation and
community structure in the intertidal zones.
Indeed, the above statements prove to be the case. That is
to say, after a successful habitat restoration project in the
Onomichi Itozaki artiﬁcial intertidal ﬂat (Fig. 12, MLIT:
Ministry of Land, Infrastructure, Transport and Tourism of
Japan, 2006), among other known environmental factors,
suction is found to have highest correlation with the diversity
of benthic fauna, with the value of its correlation coefﬁcient
reaching 0.91, as shown in Fig. 13. This illustrates that the
waterfront suction, which governs the geotechnical environ-
ments of habitats as well as the performances of the diverse
biological activities, plays a pivotal role in the habitat
selection for benthos diversity in intertidal ﬂat soils.
Finally, it is important to note that the habitat geomor-
phology can change in association with sediment transport
due to waves and currents. Since the interplay between
sediment transport and the effects of suction dynamics has
also been shown to play a key role for the persistence of
habitats (Sassa and Watabe, 2009a), the above results and
discussions could facilitate a new horizon of habitat design
and management for achieving both biodiversity and
Fig. 12. The Onomichi Itozaki artiﬁcial intertidal ﬂat.
Fig. 13. Observed close relationship between suction and benthos
diversity at the Onomichi Itozaki artiﬁcial intertidal ﬂat.
S. Sassa et al. / Soils and Foundations 53 (2013) 246–258256habitat stability in a changing global environment in the
future.
7. Conclusions
A comprehensive set of ﬁeld observations, surveys,
controlled laboratory experiments and analyses were per-
formed to investigate the geotechnical environmental
characteristics of intertidal ﬂat soils, and to closely exam-
ine their linkage with the biological activities of three
representative creatures of crabs, bivalves and birds, aswell as benthos diversity. The principal ﬁndings and
conclusions obtained in the present study may be summar-
ized as follows.(a) Waterfront suction, which changed with topography
and the groundwater level, was found to play a
substantial role in the formation of voids and shear
strengths of intertidal ﬂat soils. Indeed, the shear
strengths varied by a factor of 20 to 50 due to suction
development and suction dynamics-induced soil com-
paction in the essentially saturated states of the inter-
tidal ﬂats. Notably, the present study showed for the
ﬁrst time that such waterfront geoenvironmental char-
acteristics were universal throughout the various inter-
tidal ﬂats where the diversity of creatures lived.(b) The basic living activities of crabs, bivalves, and birds
were closely associated with the varying geotechnical
environmental conditions. Notably, the suction, voids,
and shear strengths were found to be responsible for
the suitable and critical conditions for the perfor-
mances of the burrowing activities of two representa-
tive benthos, namely sand bubbler crabs, S. globosa,
and the juvenile to adult bivalves, R. philippinarum,
and the foraging activities of the shorebirds, Calidris
alpine. The interspeciﬁc comparison has revealed that
such suitable and critical geoenvironmental conditions
varied markedly among species and by their growth
stage. Indeed, the critical geoenvironmental conditions,
S. Sassa et al. / Soils and Foundations 53 (2013) 246–258 257which disabled their normal burrowing or foraging
activities, were such that s¼0.3 kPa for R. philippi-
narum, s¼0.7 kPa for C. alpine and s¼3.0 kPa for
S. globosa with respect to suctions of the intertidal ﬂat
sediments.(c) Under a certain range of the varying geoenvironmental
conditions, all of the species exhibited a shift in their
burrowing or foraging modes. Namely, the burrowing
modes shifted for the crabs from digging to creating
closed cavities depending on the depth, i.e. whether it
was above and below the groundwater level, and the
bivalves shifted from vertical burrowing to inclined
burrowing with increasing shear strengths. The fora-
ging modes shifted for the birds from probing to
pecking with a temporal increase in suction. These
demonstrate the novel manifestations of the variety of
the behavioral adaptations of such diverse species to
changing geoenvironment in space and time. On the
basis of the integrity of the species responses to varying
geoenvironmental conditions, the results and discus-
sions presented in this paper may serve as a basis of not
only the ensuing but also the future species responses
to geoenvironmental changes in intertidal zones.(d) In light of a successful habitat restoration project at the
Onomichi Itozaki artiﬁcial intertidal ﬂat, waterfront
suction, which has been shown to govern not only the
geotechnical environments of habitats but also their
linkage with the performances of diverse biological
activities, is found to play a pivotal role in the survival
and distribution of species, namely, in the habitat
selection for the biodiversity there. This not only
veriﬁes the role of the waterfront geoenvironment in
the intertidal ﬂat ecosystem as a whole, but also
provides a new rational basis for assessing this role.(e) These ﬁndings are therefore expected to contribute to
realization of the performance-based geoenvironmental
assessment, design and management for conservation
and restoration of habitats with rich natural ecosys-
tems, and herald the new ﬁeld of ‘‘Ecological
Geotechnics’’.References
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